Abstract-In this paper, a two-echelon layout planning model is proposed to determine the optimal wind farm layout to maximize its expected power output. In the first echelon, a grid composed of cells with equal size is utilized to model the wind farm, whereas the center of each cell is the potential slot for locating a wind turbine. Optimization models are developed to determine the optimal size of grid cells and the optimal cells for locating wind turbines. In the second echelon, the selected grid cells are then translated to sets of Cartesian coordinates. The model for determining the optimal coordinate rather than the center in a grid cell for locating each wind turbine is formulated. Due to the model complexity in both echelons, the random key genetic algorithm (RKGA) and particle swarm optimization (PSO) algorithm are applied to obtain the optimal solutions in the first and second echelon separately. The comparative analysis between the proposed two-echelon planning model and the traditional grid/coordinate-based planning models is conducted.
I. INTRODUCTION
T HE wind farm layout physically determines the power generation upper limits in the life cycle of a wind power project. Hence, investigating the layout planning of a wind farm is crucial and valuable. The general objective of planning a wind farm layout is to maximize the expected power output through obtaining a set of optimal locations for placing wind turbines. In the wind power generation, wakes are produced behind the rotor swept area of wind turbines. Power generated from downstream wind turbines will be impaired because of the weakened and turbulent wind. The optimally planned layout of a wind farm decreases the frequency of wind turbines affected by wakes, so that its generated power is enhanced. Two major models, i.e., grid and coordinate-based models, have been applied to investigate the optimal wind farm layout planning.
In studies of planning wind farm layout with grid-based models, the wind farm space is modeled by grids of identical cells and the cell centers are considered as candidate locations for installing wind turbines. The square grid is commonly applied. Grady et al. [1] and Mosetti et al. [2] presented early studies of planning wind farm layouts with grid-based models and the genetic algorithm was applied to solve proposed models. More advanced heuristic search algorithms were also introduced to solve the grid-based wind farm layout planning model including derived genetic algorithm [3] - [5] , binary particle swarm optimization (PSO) [6] , simulated annealing [7] , seeding evolutionary algorithm [8] , and evolutive algorithm [9] . The reported work focused on more effective and efficient solution algorithms rather than the model improvement. Two important issues, i.e., the determination of optimal cell size and the flexible placement of wind turbines within cells, have not been thoroughly discussed.
To allow more flexible distribution of wind turbines, the coordinate-based wind farm layout planning model has been proposed. The two-dimensional (2-D) Cartesian coordinate (x, y) is utilized to describe the potential location of placing a wind turbine. In this case, solving the coordinate-based model of planning wind farm layout becomes a nonlinear programming problem. Ozturk and Norman [10] introduced a coordinate-based model for planning wind farm layouts and qualitatively compared it with the grid-based model. Kusiak and Song [11] proposed a more advanced coordinate-based wind farm layout planning model by considering the uncertainty of wind speed and direction, as well as the wake effect. Eroglu and Seçkiner [12] and [13] applied the ant colony optimization and particle-filtering approach to solve Kusiak and Song's model [11] . Applications of the PSO algorithm [14] and mathematical programming techniques combined with heuristic method [15] were also reported. Although the coordinatebased models allow planning wind farm layouts more flexibly, the model solving requires more computational cost than the grid-based models if the planning involves a significant number of wind turbines. In addition, due to the complicated solution space, the heuristic search algorithms are likely trapped by the local optima.
The study reported by Pont and Cagan [16] attempted to introduce a planning model that incorporates the advantages of grid and coordinate-based models. In [16] , the proposed model relaxed the assumptions of grid-based models and wind turbines could be placed at other locations rather than the center of grid cells. However, during the search of optimal wind turbine location in grid cells, the search directions were limited. Moreover, the determination of optimal cell size was not investigated in [16] .
This research presents a two-echelon wind farm layout planning model, which aims to offer more flexible wind turbine placement than grid-based models and less model-solving complexity than coordinate-based models to obtain a better wind farm layout with the higher power output. In the first echelon, a flexible system is introduced to decide the most suitable design of grid cells and determine the optimal combination of grid cells for placing wind turbines. Based on the first-echelon solution, a nonlinear programming model is next constructed to generate the optimal coordinates in grid cells for locating wind turbines. A comparative analysis of the proposed model with grid and coordinate-based models is presented to validate its effectiveness through numerical studies. The wind speed and direction data utilized in this study is collected from a commercial wind farm.
II. PROBLEM FORMULATION

A. Assumptions
To develop a more general planning model, a set of assumptions, A1-A6, is considered in this research. These assumptions can be easily modified for specific applications. A1: The wind turbines are assumed to be identical as well as their power curves. A2: The number of wind turbines N is known and fixed. A3: The wind farm layout is planned based on a plane described by the 2-D Cartesian coordinates (x, y). It means that the surface roughness of wind farm terrain is slightly changeable. The planning solution is represented by a set of coordinates (x i , y i ), i = 1, . . . , N. A4: The minimal distance between two adjacent wind turbines is set to four times of the rotor radius 4R to guarantee the safety. A5: The wind speed v conditioned on θ in the wind farm follows a Weibull distribution presented as
where p(·) is the Weibull probability density function, v is the wind speed, c is the scale parameter, and k is the shape parameter conditioned on the wind direction θ. A6: Given a wind direction θ, all wind turbines' rotors are positioned perpendicular to the wind direction.
B. Wake Loss Model
The wake generated by a wind turbine will impair the power output of downstream turbines covered in such wake [17] . The planning of wind farm layout aims to minimize the wake effect through the optimal placement of wind turbines.
The wake behind a turbine can be approximated as a cone. Fig. 1 illustrates the cross section of the conic wake generated by wind turbine i located at (x i , y i ) and then A describes the cone vertex. The wake expansion is assumed to be linear. According to [18] , the angle γ, 0 ≤ γ ≤ π/2 is simply arctan (κ) and the distance between A and the rotor center is R/κ. κ is the entrainment constant. The velocity deficit v def due to a single wake and multiple wakes is computed as follows:
where u dn is the wind speed at downstream wind turbines, u up is the wind speed at upstream wind turbines, C T is the thrust coefficient of the turbine and assumed to be constant [19] , a is the axial induction factor, z is the hub height of the turbine, z 0 is the ground surface roughness, and R is the rotor length. The distance d is the distance between the upstream and downstream turbines projected on the wind direction θ. Thus, it is clear that v def is a function of θ and all turbine locations. Since only the scale parameter c of the Weibull distribution is affected by the wake effect, the wake loss reflected in the statistical distribution level is expressed as [11] 
C. Power Curve Model
Numerous approaches for modeling wind power curve including the polynomial approximation [20] have been introduced. In this paper, the logistic function with two parameters α and β is applied to handle such task because the curvature of logistic function and wind power curve is naturally similar. The parameter values are estimated by fitting the actual power output data. The power curve model is described in (6). The GE1.5-77 wind turbine with a rated power of 1500 kW is considered in this research. Fig. 2 shows the comparative performances of polynomial model and logistic function model. It is observable that the logistic function model curve is closer to the actual power output curve
where u i is the wind speed of the ith wind turbine, u ci is the cut-in speed of the wind turbine, u co is the cut-out speed and u r is the rated speed, P i is the wind power output of the ith wind turbine, and P max is the maximum wind power output.
D. First-Echelon Model
The proposed planning model determines the optimal wind farm layout through two echelons of computations. In the first echelon, a flexible grid system is developed to generate the initial layout planning described by a selected combination of grid cells.
In previous grid studies [1] - [9] , the wind farm space was described as a square plane with an area, typically, 2000 × 2000 m 2 . Next, the plane was translated to a grid of 100 identical square cells with the length of each edge = 5R. Based on the industrial experience, the distance between two adjacent turbines should be 5R−9R at the prevailing wind direction and 3R−5R at the perpendicular direction to reduce the wake effect. Although a 25R
2 cell is suitable for most of scenarios, its performance fluctuates with the variations in wind distributions and the number of installed wind turbines. An advanced method for determining the size of grid cells based on wind speed and direction distributions is meaningful to enhance the effectiveness of the grid model.
Proposition 1: Given the prevailing wind direction θ p , which describes the highest frequent wind direction; any two turbines i and j in the wind farm, i, j = 1, 2, . . . , N, i = j, and d ij , which describes the distance of turbines i and j projected on direction θ p , we can obtain that maximizing d ij enhances the wind farm power output.
Proof: In (3), parameters a, κ, and R are constants. Therefore, v def in (2) is only affected by the distance d. The increase in distance d ij decreases v def and increases the wind speed at downstream turbines at direction θ p . Since the power output is monotonically increasing with the increase in wind speed, the power output achieves a maximum by maximizing the distance d ij .
1) Grid Cell Design: According to Proposition 1, to optimally locate wind turbines, the distance projected on θ p should be as large as possible. Given a plane described by a grid of m × n cells, the layout generated based on an optimal ratio of m and n, which assists the maximization of d ij , can benefit the expected power output. The method of determining the grid cell size is described by five steps.
Step 1) Effective wind speed estimation: Equation (7) is utilized to estimate effective wind speeds based on the observed wind speed in the determination of wind farm cells
where v is the effective wind speed and v is the observed wind speed.
Step 2) Wind direction partition: Wind direction is divided into h intervals, 0
• . Each interval is associated with a relative frequency 0 ≤ f i (θ) ≤ 1, which is the probability that the wind direction belongs to the ith interval. The ith wind direction interval is represented by vector − → v i . The value of vector − → v i is integrated in (8) and the direction of − → v i is the median value of the wind direction interval
where δ is the degree of a wind direction interval. 
Step 4) Cell number determination: The grid cell number is finally determined by model (11) . Suppose m is the number of columns and n is the number of rows.
where X and Y are the length and width of the wind farm, D s and D l , which describe the short and long side of each wind farm cell, are variables that need to be optimized, and r D is the ratio between the wind speed vector components in the horizontal and vertical axes. (11), a combinatorial optimization model is formulated to determine the optimal combination of cells as the initial layout planning. The initial layout planning will be passed to the second-echelon model for further computations. Let grid cells be indexed from 0 to mn − 1; a decision variable M t , M t ∈ {0, 1}, t = 0, 1, . . . , mn − 1 is introduced to decide the selected cells for placing wind turbines.
According to Proposition 1, maximizing the sum of the distances between wind turbines i and j projected on θ p is considered as the objective in the initial layout planning. The major benefit is to reduce the computational cost induced by estimating power output to quickly generate the initial layout planning. Before estimating the distance, a criterion is developed in Lemma 1 to identify whether turbine j is affected by the wake generated at turbine i. Based on the computed cell design, model (12) is developed to produce the optimal initial planning solution
As locations of wind turbines are assumed to be the centers of cells, the location of wind turbine i in tth cell can be translated to coordinates 
E. Second-Echelon Model
In the second echelon, the first-echelon solution, a selected set of grid cells, is translated to sets of Cartesian coordinates for placing wind turbines. The optimal coordinates complying with the safe distance constraint and the boundary of wind farm constitute the final wind farm layout.
The optimization model for obtaining optimal coordinates of locating wind turbines can be formulated as
Model (13) can be next simplified by incorporating
the new objective P is shown as follows:
where M means the infinite positive number. The value of P = 0 implies that the safe distance constraint is satisfied.
F. Numerical Integration of Wind Power
To estimate the expected power output of a wind turbine, a numerical integration approach is applied. By discretizing the wind direction into h intervals of equal width, the wind power output conditioned on direction θ is integrated according to
It is challenging to obtain the analytical form of the integral in (15) . Therefore, the wind speed is further discretized into s intervals of equal width for the next step numeral integration.
Lemma 2: Let u 1 , u 2 , . . . , u s be the dividing points of wind speed following the order (15) is approximated by (16) . (The proof of Lemma 2 is provided in the supplementary material.)
Once the wind speed and wind direction are discretized into intervals, c i (·) and k i (·) in (16) can be estimated from the historical wind data. 
III. SOLUTION ALGORITHMS
Solving the first-echelon model is a combinatorial optimization problem, whereas solving the second-echelon model is a nonlinear programming problem. The random key genetic algorithm (RKGA) is used to address the first-echelon model [21] . The RKGA ensures the feasibility of solutions which is not guaranteed in the classical genetic algorithm. The PSO has been widely applied to solve the complicated continuous optimization problems and hence is considered for solving the second-echelon model.
A. RKGA for the First-Echelon Model
The genetic algorithm [22] cannot guarantee feasible candidate solutions in solving the model (12) . The RKGA ingeniously maintains the feasibility of candidate solutions by employing random keys. Given the parent set T 1 = {P Step 1) Create a parent set
. . , K mn ) describes a vector of random keys. A one-to-one mapping relationship will be developed between the K t in each K and the M t in each P ∀t, in the decoding process as shown in Fig. 3 .
Step 2) Initialize K t ∀t, in Ks of
where U [0, 1] describes uniform distribution from 0 to 1. Step 3) Generate X 2 by randomly choosing Q pairs of Ks from X 1 and crossing them over as shown in Fig. 3 . In the crossover process, the K t ∀t, in each pair of Ks is randomly picked with a probability pr = 0.5 to produce a new K in the offspring set.
Step 4) Generate a mutation set by initializing K t ∀t in Ks of X 3 :
Step 5) Decode K t in all Ks of X 1 , X 2 , and X 3 to generate M t in all Ps of T 1 , T 2 , and T 3 by sorting K t in each K with a descending order, assigning 1s to M t mapped with the first N largest K t , and assigning 0 s to M t mapped with the left K t as shown in Fig. 3 .
Step 6) Input Ps of T 1 , T 2 , and T 3 into model (12) and compute the value of the objective function which is considered as the fitness.
Step 7) Update Ps in T 1 and the corresponding Ks in X 1 with Ps offering better fitness in T 2 and T 3, as well as the corresponding Ks in X 2 and X 3 .
Step 8) Repeat Steps 3-7 until n_ga; the maximal number of generations is reached and output the P providing the best fitness in T 1 . In solving model (12) , the solution space that needs to be searched by RKGA contains C N mn feasible solutions according to Lemma 3. Lemma 3: In the first-echelon computation, the total number of feasible solutions for model (13) 
B. PSO for the Second-Echelon Model
PSO [23] is applied to solve model (13) y 1 ), (x 2 , y 2 ), . . . , (x N , y N ) describe the position (candidate solution) of the ith particle,
describe the local best position discovered by the ith particle, and −−→ g best describe the global best position found by the swarm; the procedure of running PSO is illustrated as the following steps.
Step 1) Create a set of particles Step 4) Input − → X i , ∀i into model (13) and compute the value of objective function (fitness).
Step 5 
where w ∈ [0, 1] is the inertia weight, c 1 is a cognitive parameter, and c 2 is a social parameter for controlling the velocity. The rand() generates random numbers sampled from U [0, 1].
C. Complexity of Solving the Two-Echelon Model
In this section, the complexity of solving the two-echelon model is analyzed through comparing with the grid and TABLE I  PARAMETER SETTINGS OF WIND TURBINES   TABLE II  PARAMETER SETTINGS OF ALGORITHMS coordinate-based models. Compared with the grid-based model, the two-echelon model offers more flexibility in layout planning while requires more computational cost. Compared with the coordinate-based model, we prove that the two-echelon model reduces computational complexity under a particular condition according to Lemma 4. According to Lemmas 3 and 4, the two-echelon model should have less feasible solutions for searching the global optima than the coordinate-based model. This conclusion will also be verified in the following case studies.
IV. COMPUTATIONAL STUDIES
A comparison of the computational results and time among the two-echelon model, grid-based model, and coordinatebased model was conducted. As the randomness is introduced in the considered heuristic approaches, it is difficult to guarantee that the solutions converge to the same result over multiple runs. Therefore, the model is repeatedly solved ten times and the best solution is reported. Tables I and II list the settings of  model and algorithm parameters.   TABLE III  WIND SPEED 
A. Wind Speed and Direction Distribution
Realistic data of a commercial wind farm are collected. The parameters of Weibull distribution in each wind direction interval are shown as Table III . The frequency of wind direction and numerical integrated wind speed in each interval is shown as Fig. 4 . It is clear that the wind blows predominantly from 120
• to 225
• . Since the predominant wind direction covers a wide range, it is almost impossible for human heuristics to gain an optimal solution.
B. Computational Results
1) Result of the First-Echelon Model:
According to (11), the wind farm was divided into 84 cells, 7 cells in every row, and 12 cells in every column as shown in Table IV . The running results of the first-echelon model are shown in Table V and the wind farm layout of the best solution is shown as Fig. 5 .
From Table IV , the velocity component in horizontal direction is almost the twice in vertical direction. Following the rule of thumb, the distances between turbines in horizontal direction should be larger than in vertical direction. In Fig. 5 , it is observable that most turbines are located in the main three columns, the first, fourth, and seventh column. This layout maximizes the distances in horizontal direction. Besides, the placement of turbines forming "W" shape in the solution further cuts down the wake loss.
2) Result of the Second-Echelon Model:
The best solution of the first-echelon model is chosen as the initial setup of the second-echelon model. The computation is repeated ten times, and the results of power (P) and running time (RT) are expressed in Table VI. The obtained fitness over 3000 iterations and the best solution of the ten times running are shown in Figs. 6 and 7. In Fig. 6 , it is observable that those turbines located in the first and last columns are close to the boundary of the wind farm. Although the distributed placement of turbines is different from the first-echelon solution, some turbines still keep "W" shape. Table VII . From the results, the power outputs of two different wind farm cell types are close. The power outputs with 8 × 8 cells are more stable than 7 × 12 cells. However, the maximum power output of five times running with 7 × 12 cells is higher than 8 × 8 cells.
2) Comparison Study 2:
In this comparison study, the performance of different optimization objectives of the firstechelon model is evaluated. Two experiments are designed and run under five times. The optimization objective of experiment 1 is the power output and experiment 2 is wake loss distance. The algorithm used in these experiments is also RKGA. The power output and running time are recorded over 150 generations in Table VIII . It is clear that using power as the optimization objective can obtain more power output. However, this advantage in the power output is not significant and the experiment one is far more time-consuming than experiment two. Thus, regarding the wake loss distance as the optimization objective is advisable from a comprehensive perspective.
3) Comparison Study 3: Different models, e.g., the grid/coordinate-based models and the two-echelon model, are evaluated in comparison study 3. The grid-based model is conducted by RKGA and the number of iterations is set to 150. The coordinate-based model and two-echelon model use the standard PSO as optimization algorithm and the number of iterations is set to 3000. All experiments are repeated five times. The detail results are shown in Table IX. The two-echelon model provides the best performance and coordinate-based model performs the worst. Although the number of wind turbines is not extremely large, it is already explicit that finding the optimal solution with coordinate-based model is challenging. Thus, the two-echelon model is better than the grid and coordinate-based model in the power output and better than the coordinate-based model in searching the optimal solution.
Two arbitrary layouts of wind farm, which is shown in Fig. 8 , are considered as benchmarks to assess the performance of planning models. Assessment results are shown in Table X   TABLE X  COMPARISON RESULTS OF DIFFERENT MODELS and it is clear that the performance of our proposed model is outstanding. It is also observable that the arbitrary layout 1 outperforms the layout generated by the coordinate-based model. It is because the number of feasible solutions of the coordinatebased model is too large and the PSO is unable to get decent solutions within limited iterations of computations.
V. CONCLUSION
In this paper, a two-echelon model was presented to plan the wind farm layout. In the first-echelon model, turbines were located in the center of wind farm cells by the RKGA. Wind farm cell number and size were determined by the realistic wind data. In the second-echelon model, the best solution of the first-echelon model was taken as the initial setup and the optimal coordinates of turbines were obtained by PSO. A comparative analysis among the arbitrary layout, grid-based model, coordinate-based model, and the two-echelon model was evaluated.
According to the computational results, the two-echelon model offered better wind farm layouts than the grid and coordinate-based models. It introduced more flexibility of locating wind turbines than the grid-based model and obtained better solutions than the coordinate-based model. Theoretically, the coordinate-based model could obtain the best wind farm layout. However, results showed that the two-echelon model performed better than the coordinate-based model under the same optimization algorithm. It is because the complexity of the coordinate-based model bounded the search capability of the optimization algorithm. The objective of optimizing distance in the first-echelon model could gain similar results as the objective of optimizing power, while the computational time was reduced.
